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論文内容要 ヒヱA日
Many reactive metals are difficult to prepare in pure form without complicated and expensive procedures. 
Titanium (Ti), despite its abundance and numerous favorable properties, is not in optimum use. This is 
because of its prohibitive cost compared to those of other structural metals such as stee1 and aluminum (Al). 
In the cu汀ent pyro-metallurgical (Krol's) process, Ti minerals are carbochlorinated to remove oxygen (0) 
and other impurities, producing TiC14 vapor. This is then reduced to Ti metal by magnesium (Mg) metal and 
the by-product, MgCb, is removed by vacuum disti1ation. This review describes an altemative 
electrochemical route to the existing Krol's and Hunter's processes. This process is advantageous because of 
its low cost and the elimination ofthe chlorination step. In view ofthe above, a detailed literature review was 
ca汀ied out on altemative technologies. We briefly introduce the occurrence, properties, and cu町ent
applications of Ti and ferrotitanium (Fe-Ti). Various aspects of the altemative processes, along with their 
advantages and disadvantages, are also discussed. 
Generally, ferroalloys are prepared by the reduction of oxide ores or concentrates with C (carbothermic), Si 
(silicothermic), or Al (aluminothermic). The production and use of Ti as a large-volume construction 
material yie1ds enough scrap for Fe-Ti containing 70% Ti to be made by melting Fe and Ti scrap together. 
Fe-Ti production can be carried out as a carbothermic or aluminothermic process. 
Many processes have been proposed and used for the production of Ti metal, as discussed in this review. F or 
instance, Ti02 can be reduced to Ti, using the Fray-Farthing-Chen (FFC) process. This new technique shows 
tremendous promise and it has been projected that it could reduce in the cost of titanium extraction by as 
much as 50% or more. However, it has not yet been commercialized because of the impurity problem and 
low efficiency. One ofthe characteristics of a low-efficiency process is that solid Ti is obtained. Liquid metal 
production is normally desirable in mo1ten salt electrolysis processes, as in the case of Al production, 
because of the high-efficiency separation 仕om the mo1ten salt. However, the melting point of Ti is so high 
that no suitable materials are available for vessels and other parts. 
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As an attractive functional material, Fe-Ti alloy has been attracting and increasing attention since it was first 
developed. It has excellent hydrogen-storage ability and a low expansion rate. So, it can potentially be used 
as a solid hydrogen-storage material. Hydrogen is an ideal energy carrier, and is being considered for future 
transport uses, such as automotive applications. The storage of hydrogen is therefore one of the key 
challenges in developing the hydrogen economy. Hydrogen can be stored as (i) a press町ized gas, (i) a 
cryogenic liquid, and (ii) a solid fuel by chemical or physical combination in materials such as metal 
hydrides or complex hydrides. 
The production of high-purity metals or alloys using effective technologies is critical for 白加re
industrialization. With this aim in mind, we are trying to produce highly purified and dense-structured Fe-Ti 
alloys, based on the FFC process. 
In this context, the preparation of F e-Ti alloy has become a more challenging research topic. It is also now 
increasingly important to produce Fe-Ti alloy by a more economical process rather than by the traditional 
(carbothermic or aluminothermic) reduction processes. We are therefore trying to prepare Fe-Ti alloy with 
the help of direct electrolytic reduction processes as they requires fewer processing steps, have low labor 
requirements, can reduce combinations of different metal oxides to form alloys, and are environmentally 
仕iendly.
We investigated whether or not the formation of other intermetallic phases of F e-Ti alloy instead of F e2Ti 
can achieve a dense structure, resulting in a decrease in the inclusion of C particles as an impurity. One of the 
candidates for the production of such alloys is a combination of FeTi and ﾟ-Ti containing Fe, rather than a 
Fe2Ti phase. According to Fe-Ti equilibrium phase diagram, this composition of Ti and Fe (molar ratio, 
Ti:Fe 2.72: 1.00), FeTi and ﾟ-Ti containing Fe can co-exist in equilibrium in the temperature range 
595-1085 oC. A eutectic phase is found on the Ti-rich side in this phase diagram, and its tempera同re IS 
around 1085 oc. Furthermore, a liquid F e-Ti alloy phase is present when the composition of the F e-Ti alloy 
is controlled at 1200 oC. 
We predict that ifwe can produce a dense solid alloy by composition control ofthe raw materials, followed 
by appropriate processes, it will be possible to avoid C impurities in the formed alloy. The objectives of the 
investigation in the cuηent research work are to prepare Fe-Ti intermetallic alloys from different oxide 
mixtures, and their characterization. Exploratory experiments based on the FFC process, to produce Fe-Ti 
intermetallic alloys, were therefore carried out. 
To achieve the pu中ose and objectives ofthe study, the work described in the thesis is of great importance for 
the production of substantially pure metals or alloys, by developing an e町ective technology that can be 
industrialized to achieve the desired outcomes. 
Molten calcium chloride (CaCh) was selected as a suitable electrolyte for the development of a new Fe-Ti 
alloy production method based on the FFC process. Calcium chloride is a salt of calcium and chlorine. It 
behaves as a typical ionic halide and is solid at room tempera加re. Calcium chloride is soluble, so it can serve 
as a source of calcium ions in solution. This property can be use白1 for displacing other ions 企om solution. 
Calcium chloride has a very high enthalpy change of solution. 
Molten CaCh has important uses because the molten salt can dissolve and transport 02一 ionsto the anode to 
be discharged. The anode reaction depends on the anode material. If a graphite anode is used, evolution of 
CO or C02 gas, or a mixture of CO and CO2 gases, at the anode is possible. 
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Calcium chloride has other advantages such as low cost and ready availability, and its favorable properties 
such as high solubility in water, non-toxicity, and high oxygen-dissolving ability make the FFC process 
easier and more economical than traditional Fe-Ti alloy production processes. 
With this aim in mind, a detailed study of electrolysis in molten CaCb electrolytes was conducted to develop 
a new production process for Fe-Ti intermetallic alloys. Mixed solid oxides of Ti02 and Fe203 were used in 
a molar ratio of 5.44: 1.00. In this composition of Ti and Fe, FeTi and ß・Ti containing iron can co・exist in 
equilibrium. A mixed solid (Fe, Ti) oxide was reduced electrochemically in a molten CaCh electrolyte at 
950 oc. The metallic samples formed by electrolytic reduction of the mixed solid (Fe, Ti) oxide were 
analyzed using X-ray difl仕action， scanning electron microscopy/energy-dispersive X-ray spectroscopy, 
electron-probe microanalysis, X-ray fluorescence spec仕ometry， inductively coupled plasma atomic emission 
spectroscopy, ion chromatography, and oxygen and carbon analyzers. The oxide pellets were successfully 
reduced to a highly purified dense intermetallic solid of ﾟ-Ti (FeTi4) and FeTi containing low levels of 
impurities, for example, less than 0.01 mass% of carbon. 
As the availability of titanium scrap is increasing with the growth in titanium consumption, scrap is being 
increasingly used for the production of Fe-Ti. Because of its low melting point (1085 oc), the 
alloy containing 70% titanium melts comparatively readily when alloyed with iron in an induction 白rnace，
m an arc 白macewith consumable electrodes under vacuum or argon, or in an electro-slag-melting furnace. 
Ilmenite (FeTi03) isa naturally occurring, and abundant mineral. Iron and titanium are the fourth and ninth 
most abundant elements in the Earth's crust, respectively. These two elements co-exist in FeTi03, which is a 
common natural mineral; however, iron and titanium are currently extracted separately in industry, using 
carbothermic and magnesiothermic reduction methods. At present, the industrial production of F e-Ti alloys 
involves separate extractions ofthe individual metals, followed by a multistep arc-melting process. 
Sources of high-grade titanium minerals are decreasing worldwide, so processes involving low-grade 
minerals such as FeTi03 are now receiving much more attention. In particular, the extraction of titanium 
企om FeTi03 ishighly energy intensive and tedious, accounting for the high market price of titanium, and 
restricting its uses. However, because of the high contents of impurities, especially iron oxides, refining is 
necessary to obtain titanium-rich materials or to make Fe-Ti alloys. 
With the aim of addressing the urgent problem of depletion of resources and the commercial challenges 
associated with the development of new technologies, we investigated the direct electrochemical reduction of 
FeTi03 to Fe-Ti intermetallic alloys in a molten calcium chloride electrolyte. The FeTi03 cathode was 
success白lly reduced to a porous Fe-Ti intermetallic alloy consisting of FeTi and Fe2 Ti phases. The carbon 
contents of the electrolyzed alloy obtained 企om the electrolyzed cathode were quite high, i.e., 0.34 mass%, 
but the carbon content was low after polishing of the surface. 
Further, a detailed research on the electrolysis of mixed FeTi03/Ti02 in a molten CaCh electrolyte was 
conducted to prepare a high-purity, and high-opacity Fe-Ti intermetallic alloy. Mixed solid oxides ofFeTi03 
and Ti02 with FeTi03:Ti02 molar ratios of 2.78: 1.00 and 0.58: 1.00 were used for the preparation of Fe-Ti 
intermetallic alloys (required molar ratios: Ti:Fe = 1.36: 1.00 and 2.72: 1.00). A mixed solid oxide of FeTi03 
and Ti02 was reduced electrochemically in a molten CaCh electrolyte at 950 oC and a constant voltage of 
3.0 V. The metallic samples formed by the electrochemical reduction were analyzed using X-ray difì仕action，
scanning electron microscopy/energy-dispersive X-ray spectroscopy, electron-probe microanalysis, 
inductively coupled plasma atomic-emission spectroscopy, ion chromatography, and oxygen and carbon 
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analyzers. The mixed oxide pellets were strongly and successfully reduced to a high-purity Fe-Ti 
intermetallic alloy of ﾟ-Ti (FeTi4) and FeTi phases of high-opacity and with small amounts of detected 
lmpuntIes. 
It was suggested that the dense structure of the Fe-Ti intermetallic alloy of FeTi and ﾟ-Ti (FeTi4) phases 
avoided the inclusion of carbon particle impurities, unlike the porous alloy. 
Further, to make the process a commercial reality provided the electricity came 仕om a renewable energy 
resource. 
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論文審査結果の要旨
第1章は緒論であり、新しいフェロチタン (Fe・百)製造プロセス開発の基礎的知見として、これまでの百なら
びに Fe-:百動量フ。ロセスのレビューを行い、本研究の目指す目標を定めた。従来の Fe-:百合金の製造は、酸化物を原
料とした炭素またはアルミニウム還元剤による溶融塁元、またはスポンジチタンやスクラップ鉄を原料とした溶解
法です子われている。それぞれ、コストや不純物の問題があることから、本研究で、は新プロセスとして、溶融塩化カ
ルシウム中で、の酸イt効期斗からの直接電解還元法の開発を目的としている。
第2章では、直張電解還元プロセスの前処理として重要な、溶融塩化カルシウム浴の予備割引こよる水分の除去
ならびに不純物の挙動に関して調査を行った。予備電解は、 9500C、印加電圧 2.2~2.6V、割朝寺間ふlO h の条件で
行った。その結果、溶融塩化カルシウム中の水分は効執句に除去され、電流値はO.09V まで低下して安定した。ま
た、実験で、は黒鉛るつぼをアノードとしているため、カーボン粒子ならびに炭酸カルシウム粒子の生成浮遊が見ら
れた。本章では、浮遊粒子の分析ならびに生成機構の考察を行うことにより、電解還元の際に、動査される合金中
への不純物混入機構に関する知見を得ることができた。
第3章では、 Fezo，と百白の混合粉末の焼成ベレットをカソードとして、溶融塩化カルシウム中で、直接電解還元
を行っ九条件は、温度 9500C、附暗圧は3.0 V とした。過去に行われたFFC 等の直接電解では製造される合金
が粉末またはポーラス状態のため、カーボンなどの不純微粒子の物離句混入や表面酸化が避けられなし、状況であっ
た。本論文では、徴密な固体F令官合金を動宣するために、 F令官二元系状態図の共融組成に合わせて酸イ働の混合
を行し v焼成べレットとした。融点の低し下組成の Fe・百合金を事忠査することにより、焼結が容易に進み轍密な固体Fe-Ti
合金が動量されることを目論んでいる。実験に用し、たペレットの紬或は、 Fe-百二元系状態図の共融組成より、モル
比百α:FeQ，=5.44: 1.00 としている。その結果、十分な還元時間 (25~30h) をとることにより、不純物の混入が少な
い轍密な固体Fe-'百合金の事告査に成功したG 生成した合金相はβ百と FeTi であり、 βTi の素地中に粒状 FeTiが分散
している状態で、あっtc.a 不純物の含有は非常に少なく、炭素含有濃度は O.l~.21 mぉs%、表面層を研磨した場合は
0.01mぉs%以下で、あった。また、徹密な構造を持っているため表面酸化が進行しておらず、酸素含有濃度は O.2 mass%
程度で、あった。
第4章は、資源量が豊富なイルミナイト (Fe百仏)をカソード劇斗として同様の実験を行った。第3章でカソー
ド原料の組成を梢卸することにより、轍密で不純物含有量の少ない固体 Fe-Ti 合金が艶査できることを明らかにし
たが、本章ではまず、カソード!府特血戎を制街附ずにイルミナイト (FeTio，)のみで、の直張電解還元につして調査
した。その結果、固体 Fe-Ti合金を製造することは出来たが、来園哉は轍密ではなくポーラス状態で、あった。そのた
め、含有不純物濃度も敏密な場合に比べて高い結果となっ乞
第5章では、第3章と第4章の結果を踏まえて、イルミナイト(Fe百仏)に百α粉末を混合して焼成したカソー
ドを用いて同様の実験を行った。その結果、 Fe-Ti 二元系状態図の共融組成に合わせて、イルミナイト (Fe百仏)と
百αを混合したカソードを用いた場合(モル比Fe百仏:百α=0.58:1.∞)、第 3章の結果と同様の轍密でかつ不純物の
少ない固体Fe・百合金の艶査に成功した。
第6章は以上の結果を総括したもので、ある。
以上、持命文は、溶融塩化カルシウム浴中で、酸化物尉斗の直張溶融電解により、国体フエロチタン (Fe吊)合
金を劉宣するプロセスの開発を行ったもので、ある。従来の百ならびにF令官合金の直張溶融電解では、製造される
固体金属は粉末またはポーラス状態で、あり不純物含有量が非常に多かったが、本論文が着目したように Fe-Ti 二元
系状態図の共耐E成に原糊拾を合わせることにより、轍密でかつ不純物含有量の少ない固体 Fe・百合金の製造に
成功してしも。この方法は、リサイクノレ原料も含め多様な酸化物原料に対応で、きる可能性があり、新棚快フエロ
チタン婁出量法として位置づけることが出来る。
よって、持命文同専士(学術)の学(立論文として合格と認める。
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